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Using the platform of a trapped-atom clock on a chip, we have generated spin-squeezed states
with up to 8.1(9) dB of metrological squeezing in a cloud of 2 × 104 ultracold alkali atoms by
quantum nondemolition (QND) measurement in a fiber Fabry-Perot microcavity. Observing the
time evolution of the squeezed state on unprecedented timescales of more than one second reveals
a surprising measurement amplification effect in the final measurement of the spin state. It results
from a subtle interplay between the spin dynamics of interacting indistinguishable particles and
energy-dependent cavity coupling and leads to an increased cavity shift per spin, and thus to a
higher signal per photon read out. Metrological spin squeezing is preserved for 1 s. Both results
open up encouraging perspectives for squeezing-enhanced atomic clocks in a metrologically relevant
stability regime.
I. INTRODUCTION
Spin squeezing in atomic ensembles [1–4] is a fasci-
nating manifestation of many-particle entanglement as
well as one of the most promising quantum technologies.
By using entanglement to reduce the quantum projec-
tion noise in a collection of atomic spins, spin squeezing
removes a limit that has already been reached in state-
of-the-art atomic fountain clocks [5] and is expected to
impact optical lattice clocks [6] and atomic sensors [7–9]
in the near future. Ground-breaking experiments have
demonstrated methods to create spin-squeezed states
[10–18] and have even demonstrated squeezing-enhanced
clocks and magnetometers in proof-of-principle experi-
ments [18–21]. In all experiments so far, however, the co-
herence time of the atomic superpositions was short (typ-
ically less than 10 ms), while interrogation times in real
clocks and sensors are often ten or hundred times longer.
How the squeezed states evolve on these timescales is a
question that experiments have not yet been able to ad-
dress. Besides its practical importance, the physics of
this time evolution is an interesting question in its own
right. Long coherent evolution acts like a magnifying
glass for atomic interactions, often leading to surprising
effects. In a trapped ultracold gas, cold collisions are
the most prominent interactions. They are responsible
for one of the largest contributions to the uncertainty
of Cesium and Rubidium fountain clocks [22], and also
need to be taken into account in fermionic lattice clocks
[23]. But collisions can also have beneficial effects. In
suitable regimes of density and temperature, they lead
to the so-called identical spin rotation effect (ISRE) [24]
∗ Present address: Muquans SAS, Talence, France
† Present address: VITRONIC Dr.-Ing. Stein Bildverar-
beitungssysteme GmbH, Wiesbaden, Germany
‡ jakob.reichel@ens.fr
that prevents spins from dephasing [25, 26]. Similar spin-
locking mechanisms also exist in optical lattice clocks [27]
and degenerate Fermi gases [28]. How do these interact-
ing many-body systems evolve when the initial state is no
longer a product state of N independent particles, but an
entangled state with quantum correlations between their
spin degrees of freedom?
Here we investigate measurement-based spin squeezing
in an optical cavity [12] in the setting of a trapped-atom
clock on a chip [25, 29], where the coherence lifetime
is about 20 s and cold collisions are known to play an
important role. We observe conditional spin squeezing
by cavity QND measurement, reaching 8.1(9) dB metro-
logical gain with respect to the standard quantum limit
(SQL). Investigating how the squeezed state evolves over
a duration of two seconds, we observe a manifestation of
the interplay between the squeezing measurement and
spin-exchange collisions which results in an amplifica-
tion of the squeezing measurement (i.e., increases the
signal per photon) on a timescale of hundreds of mil-
liseconds. Metrological squeezing is preserved for times
up to one second. We develop a simple model that
gives an intuitive understanding of the amplification ef-
fect, based on a correlation between spin and atom-
cavity coupling which arises due to the exchange inter-
action. The model is confirmed by a direct measurement
of spin-temperature correlation. These results show a
clear prospect for spin-squeezed clock improvement in
the metrologically relevant regime of compact microwave
clocks with 10−13 s−1/2 stability in the near future. They
also highlight a class of spin interactions that is likely to
be relevant for many future squeezing-enhanced clocks
and sensors.
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FIG. 1. (a) Experimental setup. 87Rb atoms are mag-
netically trapped inside the Fabry-Pe´rot cavity. The dashed
orange curve indicates the magnetic trapping potential cre-
ated by the atom chip. Transmitted photons are collected by
a single photon counter (SPC). Absorption images are taken
along yˆ. Cavity locking light at 1560 nm is not shown. (b)
Energy level structure and cavity probing scheme. (c) Typi-
cal data of cavity measurement versus atom number measure-
ment by absorption imaging, here for N = 2.3(1)×104 atoms.
Imaging noise amounts to ∆img(N↑ −N↓) ∼ 100, comparable
to the SQL, limiting the correlation. (d) Experimental se-
quence with two composite cavity measurements M1 and M2
for squeezing verification and for observing the amplification
effect. Green boxes represent pulses on the clock transition,
and red boxes cavity probe transmission, from which δω± are
deduced. The delay Td between measurements can vary from
a few ms to 2 s. p˜i denotes a composite pi pulse.
II. EXPERIMENTAL SETTING
Our experiment is similar to the trapped-atom clock
on a chip (TACC) described in [25, 29], but addition-
ally contains a fiber Fabry-Pe´rot cavity [30]. An ensem-
ble of N ∼ 2 × 104 87Rb atoms is magnetically trapped
inside this cavity using an atom chip (Fig. 1(a)). The
trap is cigar-shaped with frequencies {ωx, ωy, ωz}/2pi ≈
{7.5, 122, 113}Hz, with the cavity axis along xˆ. The atom
cloud has temperatures T ≈ 200 nK transversely (yˆ and
zˆ) and Tx ≈ 140 nK longitudinally, leading to 1/e cloud
dimensions of σx ∼ 100µm and σy,z ∼ 9µm and an av-
erage density of n¯ ∼ 1.6× 1011 cm−3. The 1/e trap life-
time is 3.0(1) s, limited by a small leak in the vacuum
system. Forward (kinetic-energy preserving) collisions
lead to a spin-exchange rate ωex/2pi = 2~|a↑↓|n¯/m ∼
1 Hz, where a↑↓ ≈ 98.09a0, with a0 = 0.0529 nm, is
the relevant scattering length, and m is the atomic
mass. Lateral collisions occur with a still lower rate
γc = (32
√
pi/3)a2↑↓n¯vT ∼ 0.3 Hz, where vT is the ther-
mal velocity vT ≈
√
kBT/m and kB is the Boltzmann
constant. Therefore, the atom cloud is in the so-called
Knudsen regime where the collision rate is lower than the
trapping frequencies ωy,z  ωx > ωex > γc. Each atom
preserves its motional state over many oscillations in the
trap.
The hyperfine states |↓〉 ≡ |F = 1,mF = −1〉 and
|↑〉 ≡ |F = 2,mF = 1〉 are used as clock states [25, 31].
An exponential fit to time-domain Ramsey fringes with a
coherent spin state (CSS) yields a phase coherence time
on the order of 20 s, longer than the lifetime of the sam-
ple due to background collisions. Used as a clock with
standard Ramsey interrogation and non-squeezed atoms,
the experiment currently reaches a fractional frequency
stability of 6.5× 10−13 s−1/2.
We consider the collective spin vector Sˆ =
∑N
i sˆi of
N spin- 12 ’s, with sˆi =
1
2{σˆ(i)x , σˆ(i)y , σˆ(i)z } where σˆ(i)x,y,z are
Pauli matrices for the i-th atom. The z component rep-
resents the population difference Sˆz = (Nˆ↑ − Nˆ↓)/2,
where Nˆ↑ and Nˆ↓ are the number operators of |↓〉 and
|↑〉, respectively. (We will use symbols without hat to
denote a measurement outcome.) For a CSS, the fluc-
tuations in measurements of Sˆz are given by the SQL:
(∆Sz)
2|CSS = N/4, where ∆ denotes the standard de-
viation. Spin squeezing is generated by a QND mea-
surement of the collective spin observable Sˆz via the fre-
quency shift δω that it induces to an off-resonant optical
cavity [12]. The cavity has a mode waist (1/e radius)
w0 = 13.6µm, length L = 1215(20)µm and linewidth
(FWHM) κ/2pi = 45.8(6) MHz. It is tuned midway
between the 780 nm D2 transitions |↓〉 → 5P3/2 and
|↑〉 → 5P3/2, such that to good approximation δω = Ω¯Sz
where Ω¯ =
∑N
i Ωi/N is the ensemble-averaged shift per
spin flip and Ωi is the coupling strength of the i-th atom.
The value Ω¯ = 2pi × 16.2(3) kHz has an uncertainty lim-
ited by the atom temperature, and is determined experi-
mentally by measuring the cavity shift after preparing the
ensemble in coherent states with different 〈Sz〉 (Appendix
A 2). In the following experiments, we prepare a CSS of
〈Sz〉 = 0 with a pi/2 pulse on the clock transition. δω is
measured with a probe laser which is blue detuned from
the cavity resonance by ∼ κ/2 (Fig. 1(b)). We detect the
transmitted photons using a single-photon counter, with
an overall detection efficiency η = 0.63(2). N↑ andN↓ are
also measured by absorption imaging after time-of-flight
(TOF). We have verified that both measurements agree
to within the noise of the absorption imaging, which is
close to the SQL (Fig. 1(c)).
The inhomogeneity of the single-atom coupling Ωi will
play a crucial role in the experiments of Sec. III B. It
is predominantly in the transverse directions, where the
cavity intensity profile varies by ∼ 34% of its maximum
3over the 1/e radius of the atomic cloud. Along the cavity
axis (xˆ), the standing wave potential generated by the
probe and by the 1560 nm locking light are both below
20 nK, so that atomic motion largely averages out the in-
homogeneity. In order to reduce inhomogeneity-induced
dephasing, we use a fixed probe pulse duration equal to
the vertical trap period, τp = 8.85 ms = 2pi/ωz ≈ 2pi/ωy.
Thus, to first approximation, Ωi only depends on an
atom’s transverse thermal energy and remains constant
until a lateral collision occurs (Appendix B). The remain-
ing inhomogeneity between atoms with different motional
energies is further suppressed by employing a spin echo
sequence, as in previous experiments [12, 15]. A com-
plete cavity measurement is then composed of two cavity
probe pulses separated by a pi pulse on the clock transi-
tion (Fig. 1(d)). The measured Sz is deduced from the
cavity shifts δω± of the two probe pulses, and we define
a cavity measurement M ≡ (δω+ − δω−)/2.
III. RESULTS
A. Spin squeezing by QND measurement
We first investigate the metrological spin squeezing
generated by our cavity QND measurement. As shown
in Fig. 1(d), we start with all atoms in |↓〉 and apply
a pi/2 pulse on the clock transition to prepare a CSS
on the equator of the Bloch sphere. A composite cav-
ity measurement M1 is performed to measure Sz. A
second measurement M2 after a delay Td = 6 ms serves
to verify the measurement uncertainty and spin squeez-
ing. Noise is quantified from the variance of 200 repe-
titions of this sequence. First, we perform this proto-
col with an empty cavity to determine the noise floor
(Fig. 2(a), open black circles). The result is close to the
photon shot noise (PSN) of the detected photons, given
by (∆Mpsnl )
2 ≈ κ2/(4〈nl〉), where 〈nl〉 is the average
number of detected photons per measurement (l = 1, 2).
For the atom number N = 2.3(1) × 104 used here, the
PSN falls below the SQL for 〈n1〉 & 1000 detected pho-
tons, allowing for spin noise reduction by the cavity mea-
surement.
A QND measurement produces “conditional squeez-
ing”: M1 yields a different result every time, following
the quantum fluctuations of the CSS. The squeezing man-
ifests itself in the correlation with the second measure-
ment M2, which for a squeezed state agrees with M1 to
better than the quantum projection noise [4]. For two
identical QND measurements, the spin noise is quanti-
fied by Var(M1 − M2) and the measurement noise has
a lower limit given by the PSN, (∆Mpsn1 )
2 + (∆Mpsn2 )
2.
More generally, the spin noise reduction can still be fully
characterized from the correlation between M1 and M2
even if M1 and M2 are not identical, say if they have
different probe intensities, or due to other systematic ef-
fects. We will infer the conditional spin noise (∆Sz)
2|M1
from the conditional noise Var(M1 −M2/α) where α is
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FIG. 2. (a) Conditional squeezing results for N = 2.3(1) ×
104 atoms. Variance values are normalized to the SQL (N/4)
and expressed in dB. The empty cavity measurement (open
black circles) approaches the PSN limit (boundary of the
shaded zone). Number squeezing (∆Sz)
2|M1 (solid purple cir-
cles) is deduced from the conditional noise Var(M1 −M2/α)
(see text), with α determined from each dataset (0.9 < α <
1.7 for these data). Here, N is obtained from absorption
imaging, which gives a conservative estimate of the achieved
squeezing in an inhomogeneous system [32] (Appendix B).
Accounting for the independently measured coherence shown
in (b), we obtain the metrological squeezing (red squares).
It reaches 8.1(9) dB for 9.6(2) × 103 photons. Error bars in-
dicate 1σ confidence and are obtained with a bootstrapping
method. (b) Ramsey contrast C as a function of measurement
strength. The curve is a fit to C = exp[−〈n1〉/γ1−(〈n1〉/γ2)2],
with two decay constants γ1 and γ2 (Appendix C 1). Its thick-
ness indicates fit uncertainty. (c) Spin noise tomography at
〈n1〉 = 8.9(2)×103 measured by inserting between M1 and M2
a rotation θ around 〈Sˆ〉. The gray curve represents the theo-
retical minimum uncertainty state, while the pink curve takes
into account the phase noise induced by the PSN of M1 (see
text). The thickness of the curves indicates 1σ uncertainty.
the number that minimizes the variance normalized to
the PSN limit, which is (∆Mpsn1 )
2 +(∆Mpsn2 )
2/α2 in this
case (Appendix C 2).
Considering that we are interested in the state after
M1, it is legitimate to subtract the PSN of M2 (but not
that of M1), so that we obtain
(∆Sz)
2|M1 =
[
Var(M1 −M2/α)− (∆Mpsn2 )2/α2
]
/Ω¯2 .
(1)
This is an upper bound for (∆Sz)
2 because we do not
subtract other noise such as technical noise in M2.
In Fig. 2(a) (purple circles), we show this condi-
4tional spin noise as a function of the measurement
strength of M1. It is normalized to the SQL to give
the number squeezing ξ2N = 4(∆Sz)
2|M1/N [1]. To as-
sess the metrological squeezing ξ2 = N(∆Sz)
2/|〈Sˆ〉|2 =
4(∆Sz)
2|M1/(NC2), which characterizes the enhance-
ment in angular resolution on the Bloch sphere with re-
spect to the SQL [2], we also need to measure the Ramsey
fringe contrast C = 2|〈Sˆ〉|/N . We do this by applying a
second pi/2 pulse with a variable phase after M1 and then
measuring Sz by imaging for each phase value (Fig. 2(b)).
The contrast decay for increasing photon number is domi-
nated by the imperfect light-shift cancellation in the spin-
echo. We obtain an optimum metrological squeezing of
8.1(9) dB.
To better characterize the squeezed state, we have also
performed spin noise tomography [12, 16] by inserting
a pulse on the clock transition between M1 and M2 to
rotate the noise distribution around 〈S〉 (Fig. 2(b), Ap-
pendix C 3). The data show an anti-squeezing 7.4 dB (at
90◦ rotation) above the minimum uncertainty state (gray
curve), mostly due to the shot-to-shot phase noise caused
by the PSN in M1 (red curve).
B. Amplification of cavity measurement
The phase coherence time of approximately 20 s in our
experiment is longer than all other relevant timescales.
This makes it possible to observe the evolution of the
spin-squeezed states over much longer timescales than in
previous experiments. We do so by performing the verifi-
cation measurement M2 after a longer time Td. As shown
in Fig. 3(a), the correlation between the results M1 and
M2 persists for more than one second. For all times,
their relationship remains linear to a good approxima-
tion, M2 ≈ αM1, but surprisingly, α evolves over time,
as shown in Fig. 3(b): M2 is amplified with respect to
M1, with an amplification factor α that reaches a maxi-
mum of α ≈ 4 at 300 ms and remains significantly above
1 up to Td ≈ 800 ms, . By performing absorption imag-
ing, we have confirmed that Sz itself does not measurably
evolve after M1.
In Fig. 3(c) we quantify the correlation between M1
and M2 with the amplification taken into account:
Var(M1 − M2/α). This must be compared with the
relevant PSN limit (∆Mpsn1 )
2 + (∆Mpsn2 )
2/α2 (dashed
curve). The correlation remains very close to this limit
for more than 500 ms. It gradually deteriorates for longer
times, but remains significantly below the value expected
for two uncorrelated measurements at the SQL (dot-
ted curve), showing that correlation persists even at the
longest times. Note that, due to the amplification, the
noise contribution from M2 can be significantly smaller
than the PSN of M1, in spite of the two measurements
using the same average photon numbers.
Some insight into the mechanism causing this amplifi-
cation can be obtained from a simple spin model, illus-
trated in Fig. 4, which takes into account the exchange
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FIG. 3. (a) Raw data of M2 versus M1 at Td =
0, 0.2, 0.5, 1 s, respectively. Dashed lines indicate M2 = M1
(as for Td = 0). The slope of a linear fit (solid lines) gives the
amplification factor in (b). (b) Amplification factor α (blue
circles) as a function of time. The gray curve is the result of a
semi-classical Monte Carlo simulation (width representing the
uncertainty), which captures the initial dynamics but fails to
reproduce the strong damping of the evolution (see text and
Appendix E). The dashed line indicates no amplification. (c)
Conditional noise Var(M1−M2/α) (purple circles). The PSN
limit (∆Mpsn1 )
2 + (∆Mpsn2 )
2/α2 (dashed curve) and the SQL
from two uncorrelated measurements Ω¯2N/2 (dotted curve)
are shown for comparison. These curves are calculated tak-
ing into account the measured atom loss, which is significant
for these long evolution times. Error bars represent 1σ confi-
dence.
interaction and the energy-dependent variation of cavity
coupling, but not the quantum fluctuations or correla-
tions. Spin dynamics is started by the first measure-
ment: due to the inhomogeneity in the cavity coupling,
the phase shift induced by the cavity field slightly dif-
fers between atoms, leading to a dephasing. This kind
of dephasing is present to some degree in all light-based
squeezing experiments. (As it occurs in the plane perpen-
dicular to the squeezed axis, its impact on the metrologi-
cal enhancement is limited as long as the phase deviation
5M₁ M₂ Imagingπ/2
Sz>0
Sz<0
FIG. 4. Intuitive picture of the amplification effect in the
single-atom Bloch sphere. Atoms are prepared in phase by the
pi/2 pulse (left column). The center column shows the situ-
ation just after the measurement M1. Two cases are shown,
one where the measurement result was Sz > 0 (upper row)
and one where it was Sz < 0 (lower row). Each arrow de-
picts a single atom, with its color representing the coupling
Ωi, which depends on motional energy (blue: higher energy,
Ωi < Ω¯; red: lower energy, Ωi > Ω¯). Cold, well-coupled
atoms (red arrows) lead when Sz > 0 (upper row), and lag
when Sz < 0 (lower row). During evolution under ISRE (right
column), individual spins rotate around their sum, acquiring
different individual sz components while total Sz is conserved.
For times shorter than ωex/2, well-coupled atoms rotate above
(below) the average if Sz > 0 (Sz < 0). As these atoms make
an above-average contribution to the cavity shift, the second
measurement performed at this stage yields an amplified sig-
nal. Note that if Sz = 0 is measured, atoms remain in phase
(thick gray arrow) and no spin dynamics occurs.
to be measured is not too large [33].) With the compos-
ite measurement scheme (Fig. 1(d)), the two probe pulses
compensate each other’s dephasing up to the imbalance
in transmission that depends on the measured Sz. Here,
we only need to consider the relative phase δi of atom i
with respect to the mean phase shift. Well-coupled atoms
(Ωi > Ω¯, red arrows in Fig. 4) lead when the measured
Sz > 0, and lag when Sz < 0:
δi = χSz(Ωi − Ω¯) , (2)
where χ ≈ 4Ω¯〈n1〉ηκ2 is a constant that depends on the pho-
ton number per probe pulse (Appendix D). Thus, infor-
mation about Sz is also imprinted in the atomic phase
distribution in the equatorial plane. This information is
usually not read out. For the timescales considered here,
however, ISRE starts to play a role [25, 34]. Its action can
be described by a kinetic equation which in its simplest
form reads
∂tsi(E, t) ≈ ωexS× si(E, t) , (3)
where si = 〈sˆi〉 and S = 〈Sˆ〉 as defined earlier, are the
spin vectors of individual spin and the collective spin re-
spectively. si is assumed to depend only on an atom’s
motional energy E = {Ex, Ey, Ez}. This is a reason-
able approximation here, as the light-induced phase shift
depends on the motional state. The initial distribution
si(E) is determined by Eq. 2 and we neglect other sources
of dephasing (such as the trapping potential), which be-
come relevant on still longer timescales. The effect of
ISRE is then to rotate the individual spins about their
sum (Fig. 4, right column). The rotation rate is deter-
mined by ωex, and by |S| which is characterized by C.
While the total Sz is conserved, the sz values of individ-
ual atoms evolve as
sz,i(t) = s
0
z +
δi
2
sin Cωext . (4)
The initial value is close to s0z = Sz/N for all atoms due
to the QND measurement, and the plus sign is deter-
mined by the relevant scattering lengths in 87Rb [35]. For
times t < pi/(Cωex), the strongly-coupled atoms now have
above-average sz if Sz > 0 was measured, and below-
average sz if Sz < 0. As these atoms will make an above-
average contribution to M2, the result is an amplification
of the measurement. Indeed, we obtain from the above
equations
δω(t) =
N∑
i
Ωisz,i(t) = Ω¯Sz (1 + am sin Cωext) , (5)
where am = χN(∆Ω)
2/2Ω¯ and (∆Ω)2 = 1N
∑N
i (Ωi−Ω¯)2
is the variance of the coupling. α(t) = 1 + am sin Cωext
is the time-dependent amplification factor. We thus ex-
pect an amplification that depends on the atom number,
probe photon number, and coupling inhomogeneity, and
increases for t . pi/(2Cωex). While this simplified model
predicts an oscillation of α(t), we expect it to damp out
for times approaching the lateral collision timescale, as
these collisions destroy the correlation between motional
and internal state.
We have used this model in a Monte-Carlo simulation,
where the initial atomic positions and velocities are ran-
domly chosen according to the experimentally measured
distributions (Appendix E). All parameters are chosen
as in the experiment and there are no free parameters.
The ISRE is modelled using a mean-field kinetic equa-
tion similar to previous work [25, 26, 34, 36]. Lateral
collisions are accounted for by an exponential spin relax-
ation at the collision rate γc. The grey curve in Fig. 3(b)
shows the simulation result. In spite of its simplicity, the
model correctly reproduces the initial rise of the ampli-
fication factor, with good agreement up to 300 ms, when
α reaches its maximum. For longer times, the oscillation
of Eq. 5 is damped in the simulation due to the inclusion
of lateral collisions and atom loss. Nevertheless, the sim-
ulation still predicts several periods of oscillation, which
are not observed in the experiment. This suggests an
additional damping mechanism, which may be related to
the entanglement in the initial state.
The model also predicts that a correlation should arise
between the spin state and motional energy due to the
6ISRE rotation which transforms phase shift into popu-
lation difference. For example, when M1 yields Sz > 0,
ISRE converts the phase shift of colder atoms into an
increased probability of being in |↑〉, and that of hot-
ter atoms into an increased probability of |↓〉, for times
t < pi/(Cωex) (cf. Fig. 4). For Sz < 0, |↑〉 and |↓〉 are re-
versed. More quantitatively, with Eqs. 2 and 4 one finds
(Appendix D)
Tt,↑ ≈ T (1 + aTSz sin Cωext) , (6)
and similarly Tt,↓ ≈ T (1 − aTSz sin Cωext), with a con-
stant aT ≈ χ∆Ω. Here Tt is the temperature along the
transverse axes. Thus, we find that the final transverse
temperature should correlate with the measured Sz for
0 < t < pi/(Cωex). Eq. 6 also predicts that the fluctua-
tion ∆Tt,↑(↓) should have a time evolution similar to that
of the amplification factor (cf. Eq. 5), given the quantum
fluctuations ∆Sz =
√
N/2 of the initial state.
State-resolved time-of-flight imaging allows us to test
this prediction. Our imaging system can resolve temper-
ature changes below 10 nK in the zˆ direction. State sen-
sitivity is achieved by state-selective outcoupling using
microwave adiabatic passage [37]. In Fig. 5, we show the
result of such temperature measurements, for the same
dataset as in Fig. 3. We indeed observe the expected
correlation between Tz and measured Sz when α > 0
(Fig. 5(a))). Also, the fluctuation ∆Tz,↑ (open diamonds
in (b)) follows the evolution of the amplification factor
(blue circles, right axis) for times up to ∼ 1 s. The ob-
servation of these nontrivial correlations provides further
evidence that the simple ISRE model captures some es-
sential features of the spin dynamics of the interacting
spin-squeezed state.
IV. SQUEEZING LIFETIME
We now return to the question of the lifetime of the
squeezed state. While our simple ISRE model predicts
that the mean value of Sz should remain unmodified,
the model cannot be used to predict its quantum fluc-
tuations. However, more complete quantum models de-
scribe similar phenomena using an Sˆ · Sˆ term which com-
mutes with Sˆz [38], suggesting that ISRE dynamics may
be compatible with spin squeezing.
Experimentally, we have already seen (Fig. 3) that the
strong correlation between M1 and M2 persists over long
times. Combining this data with independently mea-
sured coherence for different Td (inset in Fig. 6), and
employing again Eq. 1 to evaluate the conditional squeez-
ing at the moment of M2 in the presence of amplifica-
tion, we obtain the time evolution of the metrological
squeezing (Fig. 6). The data show that the state re-
mains squeezed up to Td ≈ 1 s. At this time, back-
ground gas collisions have already reduced the atom num-
ber by 28%. For an ideal two-mode symmetric squeezed
state, one-body loss reduces spin squeezing according to
(ξ2N−1)(t) = (ξ2N−1)(0)e−γt [39], where ξN is the number
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FIG. 5. Additional evidence of ISRE in the amplification
data. (a) Raw data (green dots) of temperature versus M1 at
times Td = 0, 0.2, 0.5 s, showing that Tz is well correlated with
Sz when α > 0. Red stars shows the simulation results (same
as Fig. 3(b)), which well predict the correlation at short times.
A 20 nK offset has been applied to the simulation data to
account for a bias in the temperature measurement. (b) The
fluctuation (standard deviation) of Tz for |↑〉 (open diamonds)
has a time evolution resembling the amplification factor (blue
circles, same data as in Fig. 3).
squeezing factor and 1/γ = 3.0(1) s is our trap lifetime.
The measured squeezing exceeds this expected squeezing
for 0.2 < Td < 0.8 s, which coincides with the period in
which α is significantly greater than unity. The quantum
correlations created by the amplification effect may play
a role in explaining this discrepancy.
V. CONCLUSION
The amplification effect is similar in its result, but very
different in its mechanism, from recently demonstrated
“quantum phase magnification” protocols [40, 41] and
mechanical counterparts [42]). These protocols work by
inserting a well-engineered unitary evolution between the
sensing phase and the detection such that the spin ob-
servable itself is magnified to facilitate detection. In our
scheme, the collective Sz does not change its expectation
value. Instead, the cavity measurement is amplified due
to a correlation between spin and motional states, lead-
ing to a spin-dependent detectivity. The mechanism thus
provides a novel scheme for improving the resolution of
cavity-based spin squeezing measurement, reducing noise
for a given number of detected photons, or achieving the
same resolution with less probe photons and hence less
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FIG. 6. Inferred metrological squeezing as a function of
time Td, given by the conditional noise (Eq. 1) normalized
to the SQL (here N = 2.1(1) × 104) and coherence at Td.
The dashed curve represents the expected squeezing decay of
an ideal, two-mode squeezed state under one-body atom loss,
with the initial squeezing given by the theoretical PSN limit,
also normalized to the experimental coherence. The inset
shows the evolution of the measured contrast (circles) and an
exponential fit (shaded line, width indicating fit uncertainty)
which yields τ = 7.7(6) s.
destructivity.
We gained an initial understanding of the effect with a
simple model that involves the motional energy of atoms
as a “memory” of the spin correlations. A more complete
model should take into account the quantum correlations
in the collective spin state, which are established before
exchange dynamics sets in, and modify this dynamics.
The same ingredients are present in other interacting spin
systems, where they can lead to non-trivial many-body
physics [28, 43, 44].
The experimental results for long-lived spin squeez-
ing on a microwave clock transition raise hopes for a
squeezing-enhanced clock with metrologically relevant
long Ramsey time in the near future. The observed spin
interaction effect not only preserves the reduced spin
noise but also facilitates detection due to a subtle am-
plification effect. More generally, these results empha-
size the importance of many-body atomic interactions
for quantum-enhanced metrology.
Note added While preparing this manuscript, we be-
came aware of a recent preprint [45] describing spin
squeezing in an optical clock with noise reduction up to
two hundred milliseconds.
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Appendix A: Experimental Details
1. Set-up and parameters
The layout of the atom chip and details of the the
two-photon clock transition are shown in Fig. 7. The
microwave (MW) photon is detuned 454 kHz above the
|↓〉 → |F = 2,mF = 0〉 transition and delivered by an on-
chip coplanar waveguide, the radiofrequency (RF) pho-
ton from another chip wire. After magneto-optical trap-
ping, optical molasses and optical pumping to |↓〉, atoms
are magnetically trapped at the MOT site and magnet-
ically transported to the cavity using the “omega wire”
(Fig. 7), where the trap is compressed and forced RF
evaporative cooling is applied. Finally, the trap is decom-
pressed to its final parameters (“interrrogation trap”)
and positioned exactly inside the optical cavity mode.
Due to the low density, the final state is not completely
thermalized and has a slight temperature difference be-
tween the longitudinal and transverse axes, as quoted
in the main text. The complete loading and prepara-
tion phase takes 3 s. In the interrogation trap, the mag-
netic field at the bottom of the trap points along xˆ and
has a value Bx = Bm − 35 mG, where Bm = 3.229 G
is the “magic” field for which the linear differential Zee-
man shift between the clock states vanishes [31] and the
35 mG offset maximizes coherence time [25].
The state-resolved imaging starts with a MW
pulse that adiabatically transfers atoms from |↓〉 to
|F = 2,mF = 0〉, where they are no longer trapped and
start to fall. The trap is turned off several milliseconds
later to release atoms in |↑〉, such that the two clouds are
well separated and are imaged in a single picture. How-
ever, the adiabatic transfer also perturbs the trap so that
the temperature estimation is slightly biased.
The optical cavity is symmetric with a finesse F =
2.7(1) × 103 for the 780 nm mode. This gives a max-
imum single-atom cooperativity C0 = 24F/pik2780w20 ≈
1.9, where k780 is the wave vector of the probe laser.
Taking into account the inhomogeneity for our trapped
cloud with T ∼ 200 nK, the effective cooperativity is
Ceff ≈ 0.42. The cavity is simultaneously resonant for
a stabilization wavelength at 1560 nm. The stabiliza-
tion laser is constantly on during the experiment, but
its intra-cavity intensity is sufficiently weak in order not
to trap the atoms (trap depth . 20 nK).
82. Calibrations
The imaging system is calibrated using the known
√
N
scaling of the projection noise of a coherent state, sim-
ilar to [13]. To measure Ω¯, we prepare CSSs with dif-
ferent 〈Sz〉 by applying a weak MW+RF pulse of vari-
able length. Cavity transmission spectra are obtained
by scanning a weak probe laser over 20 cavity linewidths
in 50 ms. We obtain the prepared 〈Sz〉 from the imag-
ing data. A linear fit of cavity frequency versus prepared
〈Sz〉 yields Ω¯. Our preparation procedure leads to a small
dependence between temperature and the prepared atom
number. Therefore, the measured Ω¯ slightly depends on
N (1.5% deviation for 10% change in N).
We calibrate the phase shift induced by the cavity
probe using a Ramsey sequence (with the probe pulse
occurring during the Ramsey time). We obtain the
ensemble-average phase shift per detected photon φ¯d =
4.16(2)×10−4 pi rad. Ideally, for a given atom i, the phase
shift is given by φi =
Ωi
κt
nt, where nt is the transmitted
photon number and κt = T c/(2L) . κ/2 is the trans-
mission rate, with T = 1000 ppm the designed mirror
transmission and c the speed of light. This allows us to
estimate the overall photon detection efficiency η by com-
paring φ¯d with the expected phase shift per transmitted
photon (〈φi〉/nt = Ω¯/κt).
3. Composite cavity measurement
We defined the composite cavity measurement Ml =
(δωl+ − δωl−)/2 (l = 1, 2). In order to account for the pi
pulses that flip Sz, we define δω± accordingly, such that
δω+ (δω−) refers to the second (first) probe for M1, but
refers to the first (second) probe for M2 (see Fig. 1(d)).
Consequently, Sz refers to the state after M1.
We obtain the cavity shifts δω± from the transmitted
photon number, taking into account the Lorentzian line
shape. At the end of each experimental cycle (after atoms
are imaged), we apply two additional cavity probe pulses
with ±κ/2 detuning, to calibrate possible long term drift
of the cavity frequency and the probe intensity.
Experimentally, we employ a SCROFULOUS compos-
ite pi pulse [46], with each of the constituent pulses tuned
to a duration of the transverse trap period 2pi/ωz. This
helps to reduce the pulse error due to amplitude inhomo-
geneity and fluctuation.
Appendix B: Inhomogeneous coupling
The atom-field coupling in the cavity is a function of
atomic trajectory r(t) = {x, y, z}, and is determined by
the cavity geometry,
Ω(r) = Ω0 cos
2 (k780x)
(w0
w
)
exp
[
−2y
2 + z2
w2
]
, (B1)
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FIG. 7. (a) Layout of the atom chip, which has a two-layer
structure and incorporates two fiber Fabry-Perot (FFP) cav-
ities of different finesse. Only the low-finesse cavity (located
left in the image) is used in the experiments described here.
Red (yellow) wires are on the top (bottom) chip. The central
“Omega” wire is used to transfer atoms from the MOT site to
the cavity. Green shade indicates the cross-section of the vac-
uum cell. (b) Zeeman levels of the 87Rb ground state. Clock
states are marked in green. The clock transition is excited
with two-photon pulses as indicated.
where w = w0
√
1 + x2/L2R with LR = k780w
2
0/2 ≈
750µm the Rayleigh length. The maximum shift Ω0 can
be obtained from the experimentally measured Ω¯, and
agrees with the value obtained from a cavity quantum
electrodynamics calculation. The time integral of Ω(r)
over the pulse duration τp yields the effective coupling
Ωi =
1
τp
∫ τp
0
dtΩ(ri) for atom i used in the main text.
Assuming harmonic oscillation, the position dependence
in the transverse directions reduces to a function of the
motional energies Ey,i and Ez,i:
Ωi ≈ Ω0
(
1− x
2
i
L2R
)
e
−
(
Ey,i
εy
+
Ez,i
εz
)
I0
(
Ey,i
εy
)
I0
(
Ez,i
εz
)
(B2)
where εy ≡ mω
2
yw
2
0
2 and εz ≡ mω
2
zw
2
0
2 . In the experiment,
the averaging is not perfect along yˆ since ωy and ωz are
not precisely equal. I0(·) is the modified Bessel function
of the first kind. Note that we assume the standing wave
in xˆ can be averaged out and the position dependence on
x is weak as the cloud size LR. As a result, as in most
real systems, atoms contribute differently to the quantum
fluctuations of δω = Ω¯Sz. Nevertheless, the system can
be described like a uniformly coupled one with a slightly
9reduced effective atom number Neff =
(
∑N
i Ωi)
2∑N
i Ω
2
i
and cou-
pling Ωeff =
∑N
i Ω
2
i∑N
i Ωi
, as long as the couplings do not
change over time [12, 32]. Note that as NeffΩeff = N Ω¯
and ξ2 = 4(∆Sz)
2|M1/(NC2) ∝ 1/N Ω¯2 (Eq. 1), the
squeezing will appear higher if Neff and Ωeff are used.
For our system, Neff ≈ 0.90N and Ωeff ≈ 1.11Ω¯, so that
the effect on ξ is within 10%. We have used N (measured
by imaging) and Ω¯ to obtain a conservative estimate of
the squeezing.
Appendix C: Data analysis
1. Coherence measurements
To determine the atomic coherence after a composite
measurement (Fig. 2(b) and Fig. 6 inset), we apply a
second pi/2 pulse after M1, effectively forming a Ramsey
sequence with M1 occurring during the Ramsey time.
By varying the phase of the second pi/2 pulse, we ob-
tain Ramsey fringes (Sz versus phase). However, M1
induces an average phase shift depending on the mea-
sured Sz value, which fluctuates from shot to shot due
to quantum projection noise. We correct this phase shift
in the data analysis using the calibrated phase shift per
detected photon (Appendix A 2) and the number of de-
tected photons in M1 in each shot. We can then obtain
the contrast with a sinusoidal fit of the Ramsey fringes.
We fit the contrast decay as a function of average
detected photons to C = exp[−〈n1〉/γ1 − (〈n1〉/γ2)2]
(Fig. 2(b)), yielding γ1 = 3(1)×105  γ2 = 1.88(7)×104.
The second term dominates, which can be understood
as follows: the imperfection in the spin echo compen-
sation leads to a Gaussian distribution of the atomic
phase, whose width depends linearly on the measure-
ment strength (〈n1〉). This gives the dominant scaling
C ∝ exp[−〈n1〉2].
2. Conditional noise
We infer the conditional spin noise from the con-
ditional variance of M2: Var(M1 − M2/α). Mathe-
matically, Var(M1 − M2/α) is minimized with 1/α =
Cov(M1,M2)/Var(M2), equivalent to the slope of a sim-
ple linear regression between M1 and M2 (M2 is the inde-
pendent variable). However, given that there is PSN both
in M1 and M2, the simple linear regression gives a biased
slope. More accurate is an orthogonal regression allow-
ing errors in both variables (“Deming regression”). It is
equivalent to minimizing Var(M1−M2/α)
(∆Mpsn1 )
2+(∆Mpsn2 )
2/α2
, which is
the conditional variance normalized to the PSN. We ob-
tain α in this way for the data shown in Fig. 2 and 3.
Clearly, in the presence of amplification, α > 1: the PSN
of M2 contributes less to the conditional noise due to the
factor 1/α2.
3. Spin tomography
∆S2θ is also estimated in a conditional way similar to
Eq. 1 (as in [16]):
(∆Sz)
2
θ ≤
[
Var(M1 cos θ −M2)− (∆Mpsn2 )2
]
/Ω¯2 .
(C1)
The data shown in Fig. 2(c) are after a post-selection
of the measured Sz (close to 0), because with our com-
posite measurement scheme the shot-to-shot phase fluc-
tuation is dominated by the quantum fluctuation of Sz
(see Eq. D1 below). In principle, this phase fluctuation
can be suppressed by an active feedback on the phase
based on the cavity measurement result, up to the ulti-
mate PSN. Post-selection simulates the optimal situation
with active feedback, while the discrepancy between the
data and the prediction (pink curve) comes from the fact
that the post-selection is not stringent due to the limited
number of samples. With an optimal phase feedback,
PSN induces at least 6.1 dB excess anti-squeezing, which
needs to be taken into account in real clock applications
[33]. It is worth noting that cavity feedback squeezing
[11] which can enable near unitary squeezing [47] can
also be implemented in our system.
Appendix D: Amplification model
Here we formulate the simple model (Eqs. 2–6) in more
detail. We make the following assumptions: 1) Ωi is only
determined by Ey,i and Ez,i, which are conserved dur-
ing the experiment (Eq. B2). The ensemble coupling
Ω¯ = 1N
∑N
i Ωi is then a constant; 2) the spin rotation
is modeled as a simple rotation of each spin around the
ensemble average with the same rate Cωex, determined
by the atomic coherence (|S| in Eq. 3). We ignore other
sources of dephasing, such as dephasing from the trap-
ping potential; 3) we also assume a perfect pi pulse on the
clock transition for the spin echo and no spin dynamics
during the composite measurement.
The phase shift induced by M1 is obtained from the
transmitted photon numbers n1± in the two probe pulses.
With a linear approximation of the cavity transmission
(probe detuning κ/2), n1± ≈ np(1 + 2δω1±/κ), where
np is the average transmitted photon number per probe
pulse (an experimental parameter), np = 〈n1〉/(2η), and
〈n1〉 is the average detected photon number in M1 used
in the main text. According to our sign convention (Ap-
pendix A 3), the first probe gives φi− = Ωiκt np
(
1− 2Ω¯κ Sz
)
(note the minus sign of Sz), which acquires a minus
sign after the spin echo pulse. The second probe gives
φi+ =
Ωi
κt
np
(
1 + 2Ω¯κ Sz
)
and the total phase shift in M1
reads
φi =φi+ − φi− = 4Ω¯np
κtκ
ΩiSz (D1)
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The phase deviation from the mean phase φ¯ =
arctan (
∑
i sin(φi)/
∑
i cos(φi)) ≈ 1N
∑
i φi is then δi =
φi − φ¯ = χSz(Ωi − Ω¯) with χ = 4Ω¯npκtκ ≈
4Ω¯〈n1〉
ηκ2 (Eq. 2).
Eq. 4 and Eq. 5 then follow.
To obtain Eq. 6, we consider the motional energy Et,i
of atom i in the transverse directions (t = y, z). Ωi is
a monotonically decreasing function of Et,i (see Eq. B2)
and here we approximate it by Ωi − Ω¯ ≈ −ε(Et,i − E¯t),
where E¯t =
1
N
∑N
i Et,i = kBT and ε is a positive con-
stant. It follows that Var(Ω) ≈ ε2Var(Et) = ε2(kBT )2,
so ε = ∆Ω/kBT . Overall, the average energy of |↑〉
can be written as Et,↑ ≈ 1N↑
∑N
i P↑,iEt,i, where P↑,i =
1
2 − sz,i and N↑ =
∑N
i P↑,i = N/2 − Sz (similar for |↓〉
with P↓,i = 12 + sz,i). Note the replacement sz → −sz
due the final base change (pi pulse) in M2. ISRE further-
more correlates sz,i with Et,i through Ωi. Using Eq. 4,
after an evolution time t,
Et,↑ ≈ 2
N − 2Sz
N∑
i
(
1
2
− sz,i
)
Et,i
≈ E¯t + χSz sin Cωext
N − 2Sz
N∑
i
ε(Et,i − E¯t)Et,i
≈ kBT + χε(kBT )2Sz sin Cωext (D2)
where we have used N  Sz; and Var(Et) = (kBT )2
for thermal distribution. The experimentally measured
transverse temperature directly links to the average en-
ergy as Tt,↑(↓) ≈ Et,↑(↓)/kB . This leads to Eq. 6 with
aT = χ∆Ω.
Appendix E: Numerical simulation
To better understand the amplification effect includ-
ing lateral collisions and residual dephasing from the
the magnetic trap, we perform numerical simulations of
the spin dynamics using a semi-classical kinetic equation
for the spin vector s in the space of motional energies
E = {Ex, Ey, Ez} [25, 34]:
∂ts(E, t) + γc[s(E, t)− s¯]
=
[
δωa(r(t), t)ez + ωex
∫ ∞
0
dE′β3e−βE
′
K(E,E′)s(E′, t)
]
× s(E, t) (E1)
where s¯ ≡ ∫∞
0
dEβ3e−βEs(E) describes the average spin.
Integration is done on all three energies. ez is the unit
vector zˆ in the Bloch sphere, generating spin precession
at rate δωa(r, t) which includes three dephasing sources:
AC Stark shift induced by the cavity probe (see Eq. B1),
shifts due to the magnetic trap and mean-field collisions
[29]. We include the spatial dependence of δωa to ac-
count for imperfections in the trap oscillation averaging
(cf. Eq. B2). The spin interaction depends on ωex as
well as the spin “mean field”, and is long-ranged in en-
ergy space (Knudsen regime), described by the kernel
K(E,E′) which we will approximate with K(E,E′) ≈ 1
[25, 36] (this approximation slightly augments the ex-
change rate). The lateral collision rate γc is incorporated
as a relaxation toward the mean spin.
To perform numerical Monte-Carlo simulations, we
randomly sample the position and momentum of ∼ 104
atoms in a thermal distribution. The coordinates r(t)
evolve as in pure harmonic oscillation. The atoms then
have well defined energies along each axis. The cavity
shift at each time step is calculated as
∑
i Ω(ri(t))sz,i(t)
according to Eq. B1 with each atom’s sz component. In
order to simulate the amplification effect which ampli-
fies quantum fluctuations in Sz, we start with all atoms
having a common sz component that deviates from 0 (a
classical approximation to the result of a QND cavity
measurement, as in Fig. 4). From the subsequently cal-
culated cavity shift over time, we can obtain M1 and M2
hence their ratio α.
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